Abstract. Among the different processes occurring during the evolution of liver disease, fibrosis has a predominant role. Liver fibrosis mechanisms are fairly constant irrespective of the underlying etiology. Cirrhosis is the end-stage of this reaction. Metabolic profiles, which are affected by many physiological and pathological processes, may provide further insight into the metabolic consequences of this severe liver disease. The aim of this study was to demonstrate the applicability of 1 H high resolution magic angle spinning (HR-MAS) NMR spectroscopy in the biochemical profile determination of human liver needle biopsy samples for the characterization of metabolic alterations related to the severity of liver disease. We recorded and analyzed HR-MAS spectra of 68 liver tissue samples obtained by needle biopsy from patients with chronic liver disease. Multivariate analysis was applied to these data to obtain discrimination patterns and to reveal relevant metabolites. The metabolic characterization of liver tissue from needle biopsies by HR-MAS NMR spectroscopy provided differential patterns for cirrhotic and non-cirrhotic chronic liver disease tissue. Metabolites closely related to the liver metabolism such as some fatty acids, glucose and amino acids show differences between the two groups. Phospholipid precursors, which have been previously correlated with hepatic lesions also show differences. Furthermore, the correlation between histologically assessed liver disease stages and the levels of the most discriminative metabolites show that liver dysfunction is present at the initial stages of chronic hepatic lesions. Overall, this work suggests that the additional information obtained by NMR metabolomics applied to needle biopsies of human liver may be useful for assessing metabolic alterations and liver dysfunction in chronic liver disease.
Introduction
The liver is among the most metabolically diverse organs of the body and is involved in many critical metabolic processes (1) . One of its major roles is storing endogenous fuels of the body. In addition, the liver acts as a major distribution center for exogenous energy supplies. The liver may be affected by many pathological aggressions. Liver dysfunction results in a variety of clinical signs and symptoms. However, some of these pathologies pose a diagnostic challenge as many different diseases show similar clinical signs (2-4). Moreover, liver biopsy assessment involves some degree of complication because of the proliferation of different grading and staging schemes (5) (6) (7) . Metabolic alterations produced by liver disease may help clinicians better characterize the disease. Among the different processes occurring during the evolution of liver disease, fibrosis takes a predominant role. Liver fibrosis is characterized by the replacement of liver tissue by fibrous scar tissue as well as regenerative nodules, leading to progressive loss of liver function and to altered liver metabolism (8) (9) (10) (11) . Liver fibrosis induction mechanisms are fairly constant irrespectively of the underlying etiology (12) (13) (14) (15) (16) . Cirrhosis is the end-stage of this reaction and it represents a major change in the tissue. Most of the conventional approaches for the assessment of liver disease rely on few biomarkers, which represent particular disease states and often are not sufficient for providing global biochemical characterization and definitive diagnosis (17) (18) (19) (20) . Global metabolic profiles, which are affected by many physiological and pathological processes, may more accurately reflect the presence of a particular disease state. Recent studies of NMR lipid profiling in chronic hepatitis C show the potential of this approach (21) (22) (23) (24) . The high metabolic activity of the liver makes the hepatic disease a perfect candidate for metabolic profiling.
High resolution magic angle spinning (HR-MAS) NMR spectroscopy is a powerful technique for the investigation of metabolites within different intact tissues (25) (26) (27) (28) (29) (30) (31) . The precise determination of the biochemical and metabolic profiles in intact tissue promises to extend the possibilities of NMR as a medical diagnostic tool. For non-solid or highly viscous liquids, HR-MAS NMR spectroscopy allows the reduction of most of the line broadening associated with restricted molecular motion, chemical shift anisotropy, dipolar couplings and field heterogeneity, by high-rate spinning of the sample at the magic angle θ=54.7˚ (32) . The potential of HR-MAS applications to the study of biological tissues has been widely demonstrated in the investigation of different cellular alterations (30, 33) . In addition, HR-MAS NMR spectroscopy of intact tissues (ex vivo) provides further advantages over traditional high resolution liquid NMR of tissue extracts (in vitro) (27, 34) . High resolution NMR of extracts from excised tissues requires large amounts of sample (35) . Likewise, the extraction process via protein precipitation methods disables the direct observation of small cellular proteins and membrane semi-mobile lipids. Moreover, extraction methods usually discriminate metabolites on the basis of their solubility in particular solvents. Although it has some minor limitations associated mainly to the spinning of the sample (spinning side-bands, spinning degradation effects and spinning temperature gradients among others), HR-MAS NMR is a non-destructive technique, which requires minimal sample preparation, and allows the observation of most of the tissue metabolites and dynamic interactions in an extremely reduced sample quantity. This technology can supplement histopathological examination and improve liver disease diagnostics (21, 28, 36, 37) . The similarities between 'ex vivo' and 'in vivo' spectra found in studies of different tumours allow better interpretation of in vivo MR spectra and increase the clinical potential of the method (38) . HR-MAS spectra generate metabolic profiles that contain information on the physiological and pathological status. This approach can be used to define the metabolomic phenotype of a tissue. Previous studies have shown the potential of HR-MAS NMR spectroscopy as a tool for liver disease characterization (21, 28, 36) . Furthermore, studies in human liver tissue suggested the applicability of the technique in the assessment of liver transplant viability (36) .
The aim of this study was to demonstrate the applicability of 1 H HR-MAS NMR spectroscopy in the biochemical profile determination of human liver needle biopsy samples for the assessment of the chronic liver disease stage.
Patients and methods
Patients and tissue collection procedure. Sixty-eight samples of liver tissue were obtained from 68 chronic liver disease patients at the Service of Hepatology of the Hospital Clinico Universitario of Valencia. The biopsy tissue was collected by an anatomopathologist for routine histological analysis and the informed consent was obtained from all patients. The study was approved by the local Ethics Committee. The remainder tissue was immediately put in cryogenic vials and snap-frozen in liquid nitrogen. All samples used for histopathological examination were fixed in formalin and paraffin embedded by a pathologist. Routine methods were employed for histopathological studies. All snap-frozen samples for HR-MAS were at -80˚C until further analysis. Liver tissue analyzed included 11 cirrhotic and 57 noncirrhotic samples obtained from 43 male and 25 female patients, 32-76 years of age. Histopathological grade and stage was assessed according to the Batts-Ludwig classification (39) . Table I gives a summary of the clinical characterization of the patients and the biopsy samples.
Sample preparation. Liver tissue obtained for HR-MAS measurements was stored at -80˚C until use. Due to the small size of the samples (approximately 1-12 mg), all the materials that were to be in contact with the tissue were cooled to at least 4˚C to reduce tissue degradation during the sample preparation process. Frozen samples were placed in a cryovial and in liquid N 2 until insertion in a 4-mm outer diameter ZrO 2 rotor. The whole operation took no longer than 2 min. The pre-cooled rotor was filled with 4˚C cooled D 2 O after sample insertion. Spherical inserts were used in all the cases, limiting the rotor inner volume to 12 μl. HR-MAS using spherical small volume inserts provides improved resolution and line shapes compared to cylindrical inserts (40) . D 2 O exceeding the 12 μl volume was removed before rotor sealing. Due to the small amount of tissue and the possible degradation during the sample weighting process, tissue samples were weighted only after HR-MAS measurements.
H HR-MAS NMR spectroscopy of intact human liver tissue.
All spectra were recorded in a Bruker Avance DRX 500 spectrometer (Valencia, Spain) operating at a 1 H frequency of 500.13 MHz. The instrument was equipped with a 4 mm Table I . Summary of patient and sample information for this study. 
For all experiments, samples were spun at 4000 Hz to keep the rotation sidebands out of the acquisition window. Field homogeneity, required for adequate resonances, line-shape and spectral resolution, was achieved by extensive coil shimming using the 1D water pre-saturation experiments in the interactive mode as a control. When detected, the lactate doublet at 1.33 ppm was used for field homogeneity shimming, as described elsewhere (41) . Sample temperature, as calibrated using MeOH standards (38) , was kept at 4˚C, using the cooling of the inlet gas pressures responsible for the sample spinning. The number of transients varied from 400 to 2048 depending on the tissue sample amount. Water pre-saturation was used during the last sec of the recycling delay in all experiments for solvent signal suppression. Experiments acquired for all samples always included 1D pre-saturation 1 H spectra and T 2 edited 1D Carr-PurcellMeiboom-Gill (CPMG) 1 H spectra (echo time of 400 msec) in order to minimize the contribution of macromolecules to the profile. However, CPMG spectra did not provide enough signal-to-noise ratios for subsequent analysis (data not shown). 2D experiments were acquired on selected samples for assignment purposes (Fig. 2) . Recycling delays were 1.5 sec for all experiments. Chemical shift referencing was performed relative to a cluster of fatty acid signals, which was detected in all experiments.
Spectral analysis. All 68 spectra were processed using TopSpin 1.5 (Bruker BioSpin GmbH, Rheinstetten, Germany) and transferred to MATLAB (MathWorks Inc., 2006) using in-house scripts for data analysis. The chemical shift region including resonances between 2.00 and 4.40 ppm (the aliphatic region) was investigated. The aromatic region did not provide enough signal-to-noise for the subsequent analysis. The spectra were normalized to the aliphatic spectral area between 2.00 and 4.40 ppm containing most intracellular metabolite signals for avoidance of major fatty acid signal and to eliminate differences in relative fat content. The spectra were binned into 0.01 ppm buckets and statistical analysis was performed using in-house MATLAB scripts and the PLS_Toolbox statistical multivariate analysis library. A high variability among the size, weight and fat content of the samples made it necessary to use variance stabilization procedures. The bucketed data were then analyzed by the Partial Least Squares Discriminant Analysis (PLS-DA) for detecting discriminating patterns and metabolites. The PLS-DA model was validated by the leaveone-out method. The averaged loading plots of the corresponding PLS-DA latent variables were used to detect the most relevant metabolites. Signals belonging to these selected metabolites were integrated and relative quantities were obtained using semi-automated in-house MATLAB peak-fitting routines over the normalized spectra. A power calculation by the Mann-Whitney U test at the 5% significance (·=0.05) was used for the determination of the statistical significance of the differences between corresponding integrals in chronic hepatitis and cirrhotic samples. Differences with respect to the etiology were also explored in a similar fashion. Correlation with liver disease stage was explored by Pearson's linear correlation analysis.
Results

Spectroscopic data.
Representative 1 H NMR spectra of cirrhotic and non cirrhotic chronic liver disease tissue are shown in Fig. 1 . The use of highly symmetric spherical cavity inserts provided high spectral resolution and sensitivity. All NMR spectra were dominated by broad resonances arising from fatty acid mobile chains. Metabolite spin systems and resonances were identified by using literature data (28, 36) and were confirmed by additional 2D homo-and multi-nuclear experiments collected in selected samples. The 1D single-pulse pre-saturation experiment provides complete and unambiguous identification of the metabolic pattern characterizing the examined tissues. Collagen, which is a typical molecule present in fibrotic tissue, cannot be observed by conventional NMR techniques due to its size and restricted mobility. The high variability found in terms of the sample size, weight and fat content resulted in very different spectral profiles across the whole data set of samples. In the liver, large molecules are thoroughly present (cholesterol in lipoproteins, lipids, fatty acids, etc) and, although not observable as sharp NMR signals, they may partially distort the spectral baseline. The broad signals belonging to the mobile parts of fatty acids and lipids extensively overlapped with the sharp signals from the lower molecular weight metabolites. In those samples with a lower relative fat content, the decreased overlapping allowed the detection of prominent signals from water-soluble metabolites, such as lactate, glucose, creatine, taurine, phosphoethanolamine, glycerophosphocholine, phosphocholine, choline and most of the amino acids in the aliphatic region (Fig. 1) .
Multivariate analysis. HR-MAS spectra from cirrhotic and non-cirrhotic chronic liver disease tissue samples show great similarity probably because they are dominated by broad fatty acid signals (Fig. 1) . To establish a global overview of the characteristics of the different types of liver tissue studied here, multivariate data analysis was applied to the HR-MAS data. PLS-DA analysis, which is focused on the discrimination of different groups of samples, provided partial separation between cirrhotic and non-cirrhotic samples (Fig. 3A) . The Latent Variable 1 (Fig. 3B) showed that the major metabolic differences correspond to the levels of some unsaturated fatty acids, choline, phosphocholine, glucose, glutamate, glutamine, aspartate and phosphoethanolamine. Spectral signal integration was performed over the signals of these metabolites and the significance of the relative integral values with respect to the final diagnosis was assessed. Metabolites with a significantly different signal between cirrhotic and non-cirrhotic tissue according to the MannWhitney U test are reported in Table II Metabolic profiles. In liver tissue, there is an abundance of large macromolecules, lipids and fatty acids. However, in our study, the liver content in these metabolites shows no clear correlation to the degree of the disease. Variability in the total relative fat content of the different samples, calculated as the added area of the individual fatty acid peaks, seem to have no correlation, at least in the HR-MAS spectra, to the liver disease stage. There were statistically significant differences between cirrhotic and non-cirrhotic liver tissue in the levels of phospholipid intermediates (Table II and Fig. 4 ). In the case of cirrhotic tissue, the amount of free choline was found to be lower, whereas the amounts of phosphocholine and phosphoethanolamine were found to be higher than the respective amounts in non-cirrhotic tissue. There were also significant variations between cirrhotic and non-cirrhotic samples in some amino acids. In cirrhosis, the levels of glutamate were increased whereas those of glutamine and aspartate were decreased. Further analysis of the levels of glutamate and glutamine also showed some correlation with the disease stage (Glutamate, Pearson correlation coefficient 0.39, p=0.04; Glutamine, Pearson correlation coefficient -0.51, p=0.03). The mean values for these metabolites in the different disease stages are presented in Fig. 5 . Other identified metabolites with statistically significant differences between cirrhotic and non cirrhotic samples include glucose and some unsaturated fatty acids (UFA, signal at 2.70 ppm). Glucose also showed some correlation (Pearson correlation coefficient -0.42, p=0.04) with the liver disease stage. 
Discussion
Metabolic profiles of chronic liver disease biopsies provided differential patterns between cirrhosis and non-cirrhosis and allow the determination of progressive metabolic alterations associated to chronic hepatic disease. Previous studies of similar characteristics focused their analysis and conclusions in the study of lipid composition (21) . In this work, we report that metabolic alterations associated to liver disease stage affect essential metabolic processes beyond lipid metabolism. Early stages of chronic liver disease seem to have important metabolic consequences.
Choline-containing compounds are important molecules in the synthesis and degradation of phospholipids, which are an essential component of the different membranes. We observed some changes in the levels of these molecules in liver cirrhosis. Similar alterations in the levels of phospholipid precursors have been reported both 'in vitro' and 'in vivo' in previous studies (42, 43) . The interpretation of variations in these signals is not trivial. Altered intensity of these signals may not only suggest altered synthesis or degradation of membranes, but it may also indicate changes in the synthesis and the degradation combined or just in the mobility of the choline-containing compound parts. In the case of liver fibrosis, which is characterized by the replacement of liver tissue by fibrous scar tissue, the decrease in choline may reflect a decrease in membrane metabolism and possibly in liver functional tissue and hepatocytes. Phosphoethanolamine, which is also an intermediate in the metabolism of phospholipids, is increased in cirrhotic tissue. However, its detailed physiological significance is largely unknown. Differently to choline-containing compounds, phosphoethanolamine does not appear as a common intermediate in membrane degradation. Increased phosphoethanolamine levels suggest that phosphatidylethanolamine metabolism has been activated or that incorporation of phosphatidylethanolamine in the membranes has been partially impaired. In the case of liver disease, the second pathway seems more probable. The methylation of phosphatidylethanolamine, which is stimulated by methionine, is responsible for 30% of the phosphatidylcholine synthesis in the liver (44) . Methionine metabolism is typically altered in advanced liver disease (45) , being a probable reason responsible for the abnormal levels of phosphoethanolamine observed in this work. Nevertheless, the metabolic alterations generally observed in advanced liver disease are so complex that many different pathways are probably affected. In fact, levels of TMAO are also decreased, in agreement with previous studies (46) , suggesting also a possible impairment of the N-oxidation pathway of choline and glycerophosphorylcholine (47) .
Amino acid metabolism, a major hepatic metabolic process, is shifted towards the production and accumulation of glutamate. Most amino acids were easily observable in the spectra of samples with lower relative fat content. Some of them presented interesting differences between cirrhotic and non cirrhotic tissue. Previous HR-MAS studies on human liver biopsies reported decreased alanine in cirrhotic tissue (28) . In the spectra presented here, alanine was not visible in all the cases. When alanine was visible, a trend towards decreased levels in cirrhotic tissue was observed although no statistically significant differences were detected. Other amino acids with variations present in human liver diseased tissue include aspartate, glutamine and glutamate. Some of the signals belonging to these molecules are located in regions with no lipid or fatty acid overlapping and, therefore, were easily identified. However, strong differences in the signal-to-noise ratios for these signals due to the variability in samples size and fat content made the quantification quite challenging. Interestingly, glutamine levels in cirrhotic tissue were always lower than those in non cirrhotic tissue samples. The levels of glutamate and glutamine in stages 2 and 3 were very similar (Fig. 5) . Glutamine is metabolically linked to the ammonium detoxification in the body by the hepatocytes. Decreased levels of glutamine may reflect increased hepatic dysfunction and/or destruction of hepatocytes. Interestingly, glutamate, which is the precursor of glutamine in the glutamine-synthase reaction, is increased in cirrhotic liver, supporting this conclusion. The lower levels of aspartate and glutamine together with the higher level of glutamate may indicate a shift towards glutamate production, a net release of ammonium and impaired ammonium detoxification ability. Diseased liver is subject to oxidative stress (14) . In this context, it is very possible to have a metabolic shift towards the synthesis of precursors of glutathione, a well known cell antioxidant. All these facts are consistent with the hypothesis that increased circulating ammonium is the major culprit for the origin of hepatic encephalopathy (48), a serious complication of advanced liver disease.
The observed decrease in the glucose signal intensity suggests alterations in the glycolysis and in the glucose production in the liver, as has been reported in acute liver injury (46, 47) . Interestingly, these alterations seem to appear from the early stages of the liver disease (Fig. 4) . The transition to cirrhotic liver seems to produce a less dramatic change in the levels of glucose. On the other hand, an increase in the levels of UFAs with the disease stage was detected, albeit with low statistical significance, suggesting that lipid metabolism, an important part of the liver metabolism, is also compromised with the fibrotic stage.
In summary, the metabolic characterization of liver tissue from needle biopsies by HR-MAS NMR spectroscopy provided detailed patterns for cirrhotic and non-cirrhotic chronic liver disease tissue. The metabolic composition of the liver tissue was highly consistent with previous studies. Clear metabolic differences between cirrhosis and noncirrhotic tissue exist. The most relevant of these differences are the glutamate increase and the glutamine and glucose decreases. Other differences include aspartate, choline, phosphocholine and phosphoethanolamine. Correlations with respect to the liver disease stage of some of these metabolites, namely, glutamate, glutamine and glucose, suggest that hepatic function is progressively impaired with the development of hepatic fibrosis. Overall, this work suggests that the additional information obtained by NMR metabolomics applied to needle biopsies of human liver may be useful for assessing metabolic alterations and liver dysfunction in chronic liver disease.
